Little is currently known about the optical phenomenon known as Steve. The first scientific publication on the subject suggests that Steve is associated with an intense subauroral ion drift (SAID). However, additional inquiry is warranted as this suggested relationship as it is based on a single case study.
Introduction
A new optical phenomenon has recently been brought to the attention of the space physics community by auroral photographers. Steve is observed as a latitudinally narrow, longitudinally extended purple band of light equatorward of the auroral oval. MacDonald et al. (2018) presented the first scientific report of Steve, and investigated the phenomenon simultaneously with a ground-based all-sky imager (ASI), photographs taken by citizen scientists, and in situ measurements from the European Space Agency's Swarm A satellite. These observations showed the optical signature of Steve to be roughly colocated with a subauroral ion drift (SAID). Typical of SAID, this event was located at the equatorward edge of the premidnight region 2 (R2) downward current system in the midlatitude density trough. MacDonald et al. (2018) also reported that the SAID associated with Steve was unusually intense. These initial results show Steve to be a subauroral phenomenon, and as it was measured within a region of weak downward field-aligned current (FAC), unlikely to be caused by precipitating electrons. This result was supported by who present particle measurements from Polar Orbiting Environmental Satellite coincident with an occurrence of Steve identified in ASI measurements. They reported an absence of precipitating charged particles coincident with the optical signature of Steve. In these previous studies, the name "Steve" was presented as the acronym for Strong Thermal Emission Velocity Enhancement. As the physical mechanisms responsible for this phenomenon have not yet been established, in this study we will simply refer to it as Steve.
What then is known about the physical mechanisms for Steve? suggested an ionospheric source for the optical phenomenon, as opposed to magnetospheric precipitating particles responsible for aurora. The results of MacDonald et al. (2018) suggested an association between SAID and Steve. Some characteristics of SAID may be responsible for Steve, or these two phenomena may share a generation mechanism. However, MacDonald et al. (2018) presented a single case study. Therefore, we cannot confidently state that Steve is consistently associated with SAID or that those SAID are unusually intense. In this study we present seven additional occurrences of Steve (as well as the event presented by MacDonald et al., 2018) identified in ASI measurements with near-coincident in situ measurements from the Swarm satellite mission. We show that in all cases, there is evidence of SAID associated with Steve. Furthermore, we determine that for the cases when Swarm satellites passed directly above Steve, they measured extreme plasma parameters relative to most SAID. These observations suggest that the case study presented by MacDonald et al. (2018) is representative of a consistent association between intense SAID and Steve.
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SAID initially form near the poleward edge of the midlatitude density trough during geomagnetically active conditions (Spiro et al., 1978) . SAID are associated with very little Pedersen current (compared to the auroral zone) and can have flows of several kilometers per second due to the low conductivity of the midlatitude trough. The accepted view of the trough during geomagnetically quiet conditions is that the combination of the dawn-dusk and the corotation electric fields results in a region of stagnation in darkness, allowing recombination to result in a region of relatively low plasma density, n e (Brinton et al., 1978) . The electron temperature, T e , within the trough is typically anticorrelated with plasma density. This anticorrelation has often been described in terms of a relatively evenly distributed topside electron heat flux acting on regions with different plasma density. Regions of lower n e have higher T e as lower plasma densities result in greater thermal energy available per electron. During active conditions, the fast flows of SAID can further decrease the density in the trough through increased production of NO + , which quickly dissociatively recombines (Schunk et al., 1976) . Anderson et al. (1991) report significant NO + concentrations around 250-km altitude associated with SAID. See Moffett and Quegan (1983) for a more in-depth description of the midlatitude density trough. Richards et al. (2014) suggested an additional mechanism for generating the trough during geomagnetically active conditions. They presented observations of a summertime trough around 21 MLT that is difficult to explain through convection stagnation as most of the high-latitude region remains sunlit at this time. Richards et al. (2014) proposed that the observed trough was caused by plasma that had previously been corotating with the Earth in darkness before being drawn sunward by an expanding convection pattern.
Several optical signatures have been previously reported in the subauroral region. Pedersen et al. (2007) reported feint optical structures as far as 10 • equatorward of the traditional auroral oval. This phenomena seem to be different from Steve as they are associated with kiloelectronvolt electron precipitation and are described as "highly structured." Stable auroral red (SAR) arcs are likely the subauroral optical phenomena that have been most thoroughly studied. They form in the midlatitude density trough when temperatures exceed 3500 K presumably by electron heat conduction from the magnetosphere that has been enhanced by interactions between the ring current and plasmaspheric electrons during geomagnetic storms (Fok et al., 1993; Thorne & Horne, 1992) . At these temperatures there are sufficient high-energy electrons among the thermal population to excite SAR arcs (Cole, 1965; Kozyra et al., 1990) . Foster et al. (1994) observed a SAR arc to be coincident with an ion drift of ∼500 m/s in the midlatitude density trough during a geomagnetic storm. SAR arcs have a mean duration of 10 hr, have a typical latitudinal width of 500 km, and radiate in red at 630 nm (see ; Kozyra & Nagy, 1997 , and references therein). Khalipov et al. (2001) suggested that some of the SAR arcs presented in the literature are connected to SAID and are not "classical" SAR arcs and reported weak (subvisual) optical signatures associated with SAID. Sazykin et al. (2002) presented a model description of this optical signature and found that like SAR arcs, hot thermal electrons colocated with SAID could contribute significantly to the observed optical signature. However, unlike SAR arcs, Sazykin et al. (2002) show that ion-neutral frictional heating could also significantly contribute to the observed optical emissions due to the large ion velocities associated with SAID. In this study we will present Swarm satellite measurements coincident with multiple occurrences of Steve to solidify the relationship between SAID and Steve and to provide in situ observations to constrain possible generation mechanisms of Steve.
Methodology
The optical measurements presented in this study are from the Time History of Events and Macroscale Interactions during Substorm (THEMIS) and the Redline Geospace Observatory (REGO) ASI arrays. The THEMIS ASIs are while light CCD imagers, each with a temporal resolution of 3 s and a spatial resolution of ∼100 m near the zenith. For more information on the THEMIS ASI, see Donovan et al. (2006) and Mende et al. (2008) . The REGO imagers are sensitive to wavelengths between ∼628 and 632 nm, each with a temporal resolution of 3 s, and a spatial resolution of ∼1.5 km near the zenith. For more information on the REGO ASI, see Liang et al. (2016) and Gillies et al. (2017) . For this study Steve events were identified as a narrow band of emissions immediately equatorward of and separated from the auroral oval; many of these events are those presented by . Using both the THEMIS ASI and REGO data sets, we identified 33 occurrences of Steve. Of these, 23 events were identified in THEMIS ASI observations from December 2007 to December 2015, and 10 events were identified in REGO ASI observations from November 2014 to October 2018. It should be noted that while a purple color is a defining feature of Steve when observed with the naked eye, many of the optical measurements in this study are made with REGO imagers (only sensitive to red light).
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The Swarm satellites passed within 2 hr MLT of 8 of the 33 occurrences of Steve identified in optical measurements, providing in situ ionospheric measurements near Steve. The measurements from the satellites are well suited for the study of ionospheric subauroral phenomena. Their polar orbits precess through all magnetic local time every 4.5 months and the midlatitude density trough can often be identified at Swarm altitudes (between 450 and 500 km; Yizengaw & Moldwin, 2005) . The Swarm satellites measure electric and magnetic fields, as well as electron density and temperature; see Jørgensen et al. (2008) and Knudsen et al. (2017) for more information on the Swarm instrument package. Plasma density and electron temperature measurements are from the Langmuir probe (LP) extended data set. Ion velocity, v i , measurements presented in this study are from the 16-Hz thermal ion imager cross-track data set. FAC measurements presented in this study are based on single-satellite magnetometer measurements and assume that the satellites are passing through infinite sheets of current. In this study we present measurements from all three Swarm satellites, which implies that the satellites are all calibrated to one another. While a direct intersatellite comparison has not been done for the Swarm satellites, scientific publications using multiple Swarm satellites (Archer et al., 2015; Goodwin et al., 2015; Spicher et al., 2015) as well as validation studies (Lomidze et al., 2017 (Lomidze et al., , 2019 all show the Swarm satellites to behave similarly to one another.
In order to directly compare ground-based optical to in situ satellite measurements, we mapped the geographic position of the Swarm satellites down to 230-km altitude, following International Geomagnetic Reference Field magnetic field lines. We did this using a fixed-step, leapfrog method described in Kouznetsov and Knudsen (2013) . All coincident optical measurements in this study are from REGO, which we mapped to 230-km altitude. This is the typical altitude red line emissions are mapped to (Gillies et al., 2017) . We identified the window of time that the magnetic footprint of the Swarm satellites spent colocated with the optical signature of Steve to estimate the location of Steve relative to measurements made by the Swarm satellites. A sample ASI image with satellite orbit and estimated location of Steve overlaid is provided as supporting information.
To provide a standard to which these Steve events can be compared, we identified SAID events in Swarm measurements as velocity peaks exceeding 500 m/s separated spatially from the auroral convection flows and colocated with the midlatitude density trough. This is a typical operational definition of SAID in the absence of particle measurements (Spiro et al., 1978) . Between 11 December 2013 (earliest electric field measurements from the mission) and 31 December 2014, 122 SAID events were identified in Swarm A measurements. This time period was selected as it samples all MLT roughly equally, all seasons equally, and there are few gaps in Swarm cross-track plasma flow measurements. These events are ideal for comparison with measurements of Steve as they were made by a single instrument at similar altitudes. A list of their times is available in the supporting information.
In this study we compare SAID and Steve events by the plasma parameters measurements provided by the Swarm satellites. We compare the extrema of most plasma parameters; namely, maximum v i , maximum T e , and minimum n e . To characterize the modest localized enhancement in downward FAC associated with SAID (He et al., 2016) , we integrated FAC over ∼30 km surrounding each SAID/Steve event, to estimate the total FAC enhancement of each event.
Results

Steve Measurements With Swarm
At the time of this study 33 occurrences of Steve have been identified in scientific optical measurements. Of those events, a Swarm satellite passed directly above or near Steve on eight occasions. Figure 1 shows the plasma parameters measured by the Swarm satellites for all eight events, plotted in altitude-adjusted corrected geomagnetic latitude (MLat). Each crossing is centered on the position at which the maximum electron temperature was measured within the midlatitude density trough. Event c corresponds to the occurrence of Steve presented by MacDonald et al. (2018) . The LP measurements presented in this study are superficially different than those presented by MacDonald et al. (2018) , as they were processed by a more recent algorithm. In cases where Swarm passed directly above Steve within the field of view of an ASI, the approximate location of Steve is shown as a gray-shaded box in Figure 1 . The optical signature of Steve is very faint in most cases, and these shaded areas only roughly mark the boundaries of Steve and are as such significantly wider than the average full width at half maximum of ∼20 km reported by . For event e, at the time that Swarm C passed through the field of view of the ASI, its orbit was roughly 0.8 h west of the westmost extent of Steve. Steve then expanded eastward along the equatorward Figure 1 . Plasma density and electron temperature (left panels) and field-aligned current and ion velocity (right panels) measured by Swarm satellites passing near/through Steve events that had been identified in all-sky imager measurements for eight events. Plasma density is shown in red with solid lines estimated from Langmuir probed ion current and dashed lines estimated from electron current. Electron temperature is shown in blue. Field-aligned current is shown in pink. Cross-track ion velocity is shown in green. Location of Steve along the satellite track is shaded in gray. The equatorward edge of the diffuse aurora is marked with a dashed gray line for the event e, from 24 August 2017. Steve = Strong Thermal Emission Velocity Enhancement. edge of the diffuse aurora, reaching the MLT of the Swarm orbit only 2 min after the satellite crossed. A gray dashed line for event e in Figure 1 shows the optical boundary of the diffuse aurora (where Steve forms 2 min after the Swarm crossing). In events a, g, and h, conditions were cloudy directly beneath the Swarm satellites, and so Steve was identified in adjacent ASI. In these cases the MLT difference between Swarm and nearest observed point of Steve (seen at the edge of the closest ASI) is listed in Figure 1 . This represents the maximum possible distance between Swarm and Steve as we do not know how far Steve extends beyond the field of view of the cameras and can span over 2,000 km in latitude . At the latitudes of the observations presented in Figure 1 near the surface of the Earth, 1 hr of MLT corresponds to roughly 800 km in longitudinal separation. It should be noted that ion velocity measurements are only available in four cases, as the Swarm electric field instrument (EFI) was not operating for the other events. Also, for the Swarm mission n e is typically derived from LP ion current (measured at negative probe bias). Plasma density is often derived from ion rather than electron saturation current, as it is independent of electron temperature. However, in a few cases this n e reached negative values, possibly because of inaccurately calibrated electronic offsets. In those cases, n e is instead estimated from LP electron current and is shown as a dashed red line (rather than a solid one) in Figure 1 . Figure 1 , a clear midlatitude density trough is observed in Swarm measurements, with a peak in T e (shown in blue) roughly colocated with the minimum in n e (shown in red). The FAC (shown in pink) when crossing the point of maximum T e for all cases was either positive, indicating a downward FAC, or near zero. Narrow channels of enhanced westward ion velocity (shown in green) were also observed roughly colocated with the minimum n e for all cases in which the Swarm EFI was operating. The EFI was turned on shortly after event a, and a 800-m/s flow channel was observed coincident with the midlatitude density trough on the subsequent orbit (1.5 hr later). It should be noted that because there are no v i measurements available for four of the events in Figure 1 , they do not meet the criteria used in this study to identify SAID. However, in all cases the available Swarm measurements presented in Figure 1 match typical past SAID observations from ∼500 km altitude (Anderson et al., 1991; Archer & Knudsen, 2018; Spiro et al., 1979) , and are all roughly colocated with occurrences of Steve. We also note that while SAID are reported between 16 and 2 hr MLT with the highest occurrence probability density around 22 MLT (He et al., 2014; Spiro et al., 1979) , all Steve events presented so far have been between 22 and 2 MLT.
For all cases in
The observations shown in Figure 1 are qualitatively very similar to those presented by Foster et al. (1994) coincident with a SAR arc. The peak flow enhancement observed by Foster et al. (1994) was ∼500 m/s and filled the midlatitude density trough and was accompanied by a peak electron temperature of ∼4000 K. Prölss (2006) showed subauroral T e enhancements of about 3000 K using the LP on the DE-2 satellite. Contrasting these observations, the narrower flow channels situated at the poleward edge of the trough in Figure 1 have peak velocities of several kilometers per second and are colocated with peak electron temperatures ranging from 4000 K to over 10000 K. To provide context for the magnitude of these values, in the next section we establish what is typically observed by the Swarm satellites when crossing SAID.
Comparing Steve to Typical SAID
We identified 122 SAID events exceeding 500 m/s in peak v i in Swarm A measurements, which we use to represent typical plasma parameters for SAID when measured from Swarm altitudes. Figure 2 shows histograms of the peak v i , peak T e , minimum n e , and integrated FAC (over ∼30 km) for all 122 events. Superposed on these histograms are orange vertical dashed lines, representing the plasma parameters measured by the Swarm satellites that passed through (or near to) Steve. The measurements associated with Steve events have been labeled with lower case letters matching the labels in Figure 1 . Figure 2 shows the majority of SAID to have a FAC integrated over 30 km of less than 10 mA/m. The integrated FAC for the Steve events do not clearly fit nor do they clearly deviate from the distribution established by SAID. The Steve events do, however, clearly deviate from typical SAID in v i , T e , and n e . SAID ion velocities in Figure 2 are most frequently less than 500 m/s, with a median velocity of ≈1.3 km/s. The SAID coincident with Steve events shown in Figure 2 have ion velocities exceeding 3 km/s and are all in the top 5th Geophysical Research Letters 10.1029/2019GL082687 percentile relative to typical SAID. Similarly, the peak T e of six of the eight Steve events in Figure 2 are in the top 3% of peak T e of SAID. Most striking perhaps is n e , where the minimum n e for all Steve events except one are less than any measured for typical SAID. It should be noted that satellite observations for event a, which has relatively low v i and T e , as well as relatively high n e , were taken the farthest from the ASI field of view detecting Steve among events presented in this study. This analysis is limited by the small number of observations of Steve. However, a clear pattern emerges in which Steve is consistently associated with intense SAID with unusually large v i , high T e , and extremely low n e .
Discussion and Conclusion
The first scientific publication on Steve (MacDonald et al., 2018) showed the phenomenon to be colocated with an intense SAID. This association between Steve and SAID was based on a single event. We have expanded on the work of MacDonald et al. (2018) by identifying eight occurrences of Steve with coincident or near-coincident Swarm satellite measurements. In all cases, Steve is observed roughly colocated with the minimum n e and corresponding maximum T e of the midlatitude density trough. We observe a narrow westward flow channel, consistent with a SAID, for all cases that Swarm ion velocity measurements are available. We found no counter examples to this trend. In other words, for every Swarm crossing near Steve, measurements consistent with SAID were observed. Additionally, these events are intense relative to the average SAID with large v i , high T e , and low n e . How then, does this inform us on the generation mechanism of Steve?
It is clear from REGO observations that Steve radiates in red frequencies. The T e and v i measured coincident with Steve are both significantly higher than the values modeled by Sazykin et al. (2002) , suggesting that electron impact and ion-neutral frictional heating may both contribute to the red emissions of Steve. The spectral properties of Steve are currently unknown, but a purple glow appears to be a persistent feature. The purple observed in traditional aurora is caused by the deexcitation of N + 2 . However, the optical signature of Steve appears to originate around 230 km, significantly higher altitudes than we expect N + 2 emissions (Måseide, 1967) . The purple appearance of Steve could be due to either violet emissions or a mixture of red with other emissions such as the green line and/or blue line emissions at 557.7 and 427.8 nm with the minimum excitation energies of about 4.2 and 18.8 eV, respectively. If electron impact is responsible for such emissions within Steve, a population of suprathermal electrons is required significantly beyond that of the Maxwellian tail of the heated thermal electrons in order that the brightness of these emissions be comparable with the red line emission. The presence of such suprathermal electrons in SAID events has been reported from Defense Meteorological Satellite Program (DMSP) observations in the topside ionosphere and Combined Release and Radiation Effects Satellite (CRRES), Time History of Events and Macroscale Interactions during Substorms (THEMIS), Van Allen Probes (VAP), and Polar observations in the conjugate plasmasphere (e.g., Mishin, 2013; Mishin et al., 2017) .
The extrema in T e and v i associated with SAID are often roughly colocated; they are not exactly colocated. This significant distinction is discussed by Moffett et al. (1998) , and in this study is most evident for Case g in Figure 1 . Unfortunately, the in situ and ground-based observations for Case g were not perfectly coincident, as they may have otherwise shed light on the relative importance of elevated T e and v i on the formation of Steve. On a similar note, we must keep in mind that the in situ observations from the Swarm satellites are well above the emission altitudes of Steve. While the latitudinal profiles of v i presumably map down magnetic field lines, the latitudinal profiles of T e and n e will vary with altitude. As such, directly comparing the latitudinal profiles of optical emission, T e , and v i at Swarm altitudes will not perfectly reflect what is occuring at Steve emission altitudes.
Several key observations of Steve are still required before a proper simulation of the phenomenon can be carried out. Specifically, the spectral characteristics Steve and altitude range at which it occurs has yet to be determined, and would greatly constrain models of Steve. Regardless of the specific mechanisms responsible for Steve, the observations presented in this study suggest Steve to be the optical signature of exceptionally intense SAID.
